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Abstract

Over the last decade the zebrafish has emerged as a major genetic model organism. While stimulated
originally by the utility of its transparent embryos for the study of vertebrate organogenesis, the
success of the zebrafish was consolidated through multiple genetic screens, sequencing of the fish
genome by the Sanger Centre, and the advent of extensive genomic resources. In the last few years
the potential of the zebrafish for in vivo cell biology, physiology, disease modeling and drug discovery
has begun to be realized. This review will highlight work on cardiac electrophysiology, emphasizing
the arenas in which the zebrafish complements other in vivo and in vitro models; developmental
physiology, large scale screens, high-throughput disease modeling and drug discovery. Much of this
work is at an early stage, and so the focus will be on the general principles, the specific advantages
of the zebrafish and on future potential.

Introduction

Spontaneous arrhythmias have proven difficult to model in vivo, in part due to our incomplete
understanding of the etiology of most clinical rhythm disorders. Multiple elements including
genetic predisposition, extrinsic injury, environmental exposures and stochastic processes all
contribute to the final arrhythmia, but may vary widely in their contributions to individual
arrhythmias or even to distinct arrhythmic events in the same individual(Keating and
Sanguinetti 2001; Nerbonne and Kass 2005). Implicit in this multi-step model is the fact that,
for most arrhythmias, individuals may exhibit several of the elements of an arrhythmogenic
state, but relatively few ever experience a clinical event(Keating and Sanguinetti 2001; Roden
et al. 2002). An ideal animal model would recapitulate not just individual components of the
causal chain leading to an arrhythmia, but each step along the way. Though there is a wealth
of animal models, several areas of in vivo electrophysiology have remained relatively
inaccessible including; the developmental patterning of myocardial excitability and coupling,
in vivo cell biology and the efficient identification of channel partner proteins. The classic
genome-wide screening techniques which have made genetic models such as yeast, nematode
or drosophila such powerful tools in the dissection of cell signaling and other phenotypes have
not proven feasible for many physiologic traits including cardiac electrophysiology(Warren
and Fishman 1998; Jorgensen and Mango 2002; St Johnston 2002). The advent of such models
would not only facilitate the rigorous exploration of arrhythmia mechanisms, but also allow
systematic approaches to the discovery and testing of novel drugs, or other interventions
(Warren and Fishman 1998; Briggs 2002; MacRae and Peterson 2003).
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Rationale for the zebrafish

The zebrafish emerged originally as a model for the study of vertebrate development, largely
as a result of its transparency, fecundity and diploid genome(Haffter and Nusslein-Volhard
1996). The impetus behind its transformation, in the mid-1990s, into a major genetic model
organism came from several large genetic screens that were focused on vertebrate
organogenesis(Driever et al. 1996; Haffter et al. 1996). The zebrafish filled a niche as a
screenable model organism in the phylogenetic gap between invertebrates such as nematode
and Drosophila and the genetically tractable mammals, specifically rodents. The early decision
to sequence the zebrafish genome consolidated the organism as a model(Vogel 2000).

The zebrafish is in many ways ideal for phenotype-based screens(Patton and Zon 2001;
Grunwald and Eisen 2002; Anderson and Ingham 2003). Its genome and body plan are similar
to other vertebrates, but its optical transparency and external development make real time
observation of its internal organs straightforward (Fig. 1). The optical clarity of the zebrafish
embryo allows the use of fluorescent markers that highlight the locations or activities of specific
populations of cells(Gong et al. 2001; Beis and Stainier 2006). Many transgenic zebrafish lines
have been created that express fluorescent proteins (Fig. 2) in locations ranging from the
presomitic mesoderm(Gajewski et al. 2003) to the pituitary gland(Liu et al. 2003). While the
original genetic screens were based on ENU mutagenesis, insertional mutagenesis using
retroviruses or transposons also enables efficient genetic screens or enhancer trap approaches
to physiologic phenotypes(Amsterdam et al. 1999; Balciunas et al. 2004; Asakawa et al.
2008). The advent of FRET-based and other reporter systems has extended the scope of such
transgenic tools from anatomy to physiology, and is facilitating a new generation of genetic
screens(Chi et al. 2008). Numerous zebrafish disease models ranging from congenital heart
defects to cancers have been identified in screens or developed(Amatruda et al. 2002; Penberthy
et al. 2002; Shin and Fishman 2002), and the zebrafish is genetically and pharmacologically
similar to humans(Langheinrich 2003; Milan et al. 2003).

Adults reach 3 cm in length, but during the embryonic and larval stages the zebrafish is only
about 1-2 mm long. During these stages, developing fish can live for days in the wells of a
standard 96 or 384-well plate (Fig. 3), surviving on nutrients stored in their yolk sacs(Barut
and Zon 2000). Zebrafish are inexpensive to raise, and a single pair of adults can routinely lay
hundreds of fertilized eggs in a single morning. Consequently, even a small zebrafish facility
can generate many thousands of embryos per day, making it possible to perform large-scale,
phenotype-based screens(Driever, Solnica-Krezel et al. 1996;Haffter and Nusslein-Volhard
1996).

The ease with which zebrafish phenotypes can be identified has resulted in their use in
numerous genetic and chemical screens(Anderson and Ingham 2003; MacRae and Peterson
2003). For the cardiac electrophysiologist, an additional adavntage is the ability of the zebrafish
to survive for several days by diffusion alone in the absence of any cardiovascular function,
enabling screens for extreme phenotypes (Warren and Fishman 1998). Of note, because
screening can be performed in the whole organism, perturbation of potential therapeutic targets
by mutations or small molecules reveals the effects of such perturbations on the integrated
physiology of the entire organism(MacRae and Peterson 2003; Zon and Peterson 2005).

As zebrafish have become more widely used, additional genetic and genomic technologies
have been developed, increasing the utility of the system further. The zebrafish genome project
is now nearly complete, and DNA microarrays have been generated for expression profiling
studies(Stickney et al. 2002; Ton et al. 2002). Antisense morpholino oligos have proven to be
an effective means of “knocking down” gene function(Nasevicius and Ekker 2000). More
recently, reverse genetic approaches using zinc finger nucleases have been developed for the
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zebrafish, enabling researchers to generate mutations in virtually any gene of interest
(Wienholds et al. 2002). The zebrafish is rapidly becoming a mature model organism, armed
with an impressive collection of genomic and physiologic tools. These tools not only broaden
the scope of whole-organism genetic or chemical screens that can be imagined, but also
facilitate translation at every level to other model systems, or to human(Shin and Fishman
2002).

Developmental electrophysiology

While the zebrafish may offer advantages over the mouse in the modeling of some adult
electrophysiologic phenomena(Salama and London 2007), it is as a developmental organism
that the organism is currently enjoying its greatest popularity. The earliest electrophysiologic
phenomena in cardiogenesis are accessible in the zebrafish. It is possible to record calcium and
voltage transients in the cardiac primordia prior to their midline migration and fusion into the
primitive heart tube(Creton et al. 1998). As each physiological event occurs during
development it can be visualized in vivo. While similar approaches are feasible in chick and
Xenopus, the genetic tractability of the zebrafish allows unique insights into function at stages
of cardiogenesis when events are barely accessible in mammals(Moorman and Christoffels
2003; Sedmera et al. 2003).

Several of the morphologic mutants identified in the original morphological screens (for defects
in organogenesis) exhibited arrhythmias recognizable with a simple dissection microscope.
These included the bradycardic line slo mo, identified in the India strain background prior to
mutagenesis, and several mutants with variable degrees of sinoatrial or atrioventricular heart
block(Baker et al. 1997; Arnaout et al. 2007). Mutants were also identified with silent
chambers, though several of these were rapidly shown, using simple calcium sensitive dyes,
to represent defects in excitation-contraction coupling, or contractility rather than failures of
electrical impulse propagation(Chen et al. 1996; Stainier et al. 1996). In addition to these
recognizable orthologs of human arrhythmias, there were several mutants that exhibited
recessive lethal phenotypes which suggested that they might offer insights into cardiac
electrophysiology inaccessible in other models. These included mutants such as tremblor
(episodic irregular waves of contraction across the entire heart)(Langenbacher et al. 2005),
island beat (isolated atrial cell contractions with a silent ventricle)(Rottbauer et al. 2001) and
reggae (sinoatrial exit block and rare impulse propagation to the atrium and ventricles)(Hassel
et al. 2008). Calcium imaging using dyes such as calcium green established the primary
electrical nature of these mutations, but as positional cloning of these novel mutants began, the
phenotypic observations resulted in efforts to begin more detailed electrophysiological
exploration of the zebrafish heart(Sedmera, Reckova et al. 2003).

Baker and colleagues were able to isolate and patch clamp not only adult cardiomyocytes,
(Baker, Warren et al. 1997) but also those from early embryonic stages. Though technically
challenging as a result of the cell size (capacitances are in the 1-2 pF range), they were able
to identify multiple physiologic currents as early as 3 days post fertilization. The recapitulation
of the majority of cardiac conductances combined with the similarities between human and
zebrafish heart rates and action potential durations suggested that for many
electrophysiological phenomena the zebrafish might prove to be a faithful model(Baker,
Warren et al. 1997; Warren and Fishman 1998).

These parallels were subsequently extended to cardiac pharmacology. Several groups have
demonstrated substantial homology in the pharmacological responses of the heart to a broad
range of pharmacological agents(Langheinrich et al. 2003; Milan, Peterson et al. 2003).
Therapeutic and toxic responses for both cardiac and non-cardiac drugs are reproduced, usually
by simple immersion of the fish in drug. In many instances, the dose response curves are shifted

Prog Biophys Mol Biol. Author manuscript; available in PMC 2010 March 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milan and MacRae

Page 4

sharply to the right, but ex vivo analyses have established that this is almost always related to
effects of the physicochemical properties of the drug on penetration into the embryo(Milan,
Peterson et al. 2003; Milan et al. 2006). These problems are largely predictable based on indices
suchas the logP, and can be overcome by direct injection(Peterson et al. 2000; Zon and Peterson
2005). In these early studies of cardiac pharmacology, it was possible to exploit automated
microscopy to assess simple physiologic endpoints in high throughput in multiwell-plates
(Milan, Peterson et al. 2003; Burns et al. 2005). Together these data suggested that not only
would drugs identified in the zebrafish potentially be of use in humans, but also that large scale
screening for physiological or pharmacological phenotypes would ultimately be feasible
(MacRae and Peterson 2003). As the original screen mutants were cloned, so the importance
of adevelopmental electrophysiological model such as the zebrafish has been reinforced. Many
of these mutants could not have been identified or studied in higher organisms as the phenotypes
would have resulted in death in utero.

One of the earliest mutants to be cloned was island beat, found to be a null allele in the L-type
calcium channel(Rottbauer, Baker et al. 2001). The absence of a ventricular action potential
during the first 48 hours of development is perhaps not surprising given the emergence of
sodium current later in cardiogenesis and the consequent dependence of the primitive heart
tube on calcium current. However, the mechanism by which loss of calcium current results in
uncoupling of the atrial cardiomyocytes remains obscure. The independent depolarization and
contraction of individual atrial cells is quite distinct from atrial fibrillation, but more extensive
characterization of the effects of the loss of calcium channel conductance on cell-cell coupling
has not yet been performed. The failure of pharmacologic inhibition of the L-type calcium
channel to recapitulate this phenomenon may suggest that scaffolding, transcriptional or other
functions of the channel may be perturbed in the mutant(Rottbauer, Baker et al. 2001).

The tremblor phenotype was found to result from homozygosity for a null allele in a cardiac
sodium-calcium exchanger: NCX1(Ebert et al. 2005; Langenbacher, Dong et al. 2005). This
loss of calcium extrusion from the cell appears to not only result in effects on cardiomyocyte
differentiation but also leads to cyclical changes in impulse propagation throughout the heart.
The presumed calcium overload leads to episodic waves of atrial arrhythmia interspersed with
sinus rhythm, suggesting that there are other less efficient mechanisms for calcium extrusion
that can intermittently suffice in the atrium(Ebert, Hume et al. 2005). However, the ventricle
is virtually silent apparently as a result of calcium overload. There are also profound effects
on ventricular cardiomyocyte differentiation and sarcomere organization that are not present
in either island beat mutants or in knockdown of SERCA2 function using drug or morpholino
(Ebert, Hume et al. 2005).

Two distinct classes of mutant from the original screen have been demonstrated to result from
defects in the zebrafish ortholog of ether—a-go-go or KCNH2. Several alleles of breakdance,
exhibiting variable atrioventricular block, have been identified and found to result from null
or hypomorphic KCNH2 alleles(Langheinrich, Vacun et al. 2003; Arnaout, Ferrer et al.
2007). These phenotypes resemble those observed in severe forms of human long QT where
markedly prolonged action potentials lead to intermittent heart block even in the fetus
(Presbitero et al. 1989). Conversely, activating mutations in KCNH2 lead in homozygous form
to the reggae phenotype with only intermittent exit of impulses from the sinus venosus, and a
failure of atrial or ventricular escape(Hassel, Scholz et al. 2008). In this mutant the possibility
of atrial fibrillation was again raised but the efficient entrainment of the atrium by external
stimuli suggests that this is unlikely to be the case. Heterozygous forms of both these classes
of KCNH2 mutant are viable and the development of techniques for the stable recording of
adult electrocardiograms ex aqua has confirmed the predicted effects on QT interval(Milan,
Jones et al. 2006). Together these data display the remarkably faithful relationship between
human cardiac repolarization and that of the zebrafish as early as 48 hours post fertilization.
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The dependence of the fish heart rate on I, observed by multiple investigators had led to more
extensive efforts to exploit the organism in this arena (vide infra).

These early studies of electrical patterning have energized efforts to explore normal
electrophysiological development in the zebrafish. Even in the initial morphologic zebrafish
screens investigators had observed a clear transition from an initial peristaltic conduction across
the entire heart tube to a sequential pattern of atrioventricular conduction with clear slowing
at the AV canal(Stainier, Fouquet et al. 1996; Milan et al. 2006). Using calcium imaging with
non-ratiometric dyes it was possible to define the functional transition in electrophysiologic
properties in a ring of atrioventricular conduction tissue (only two or three cells across) at 40
hours post fertilization. Analysis of the zebrafish mutant cloche, which fails to develop
endothelium, revealed a requirement for endocardial signals in this functional transition
(Stainier, Fouquet et al. 1996; Milan, Giokas et al. 2006). With the range of physiologic
manipulations feasible in the zebrafish, and its ability to survive for some time without any
cardiac function, it was possible to characterize the differentiation of these specialized
atrioventricular ring cells. Unlike adjacent endocardial cushions and valves, their specification
is not dependent on blood flow or cardiac contraction. Exploiting morpholinos it was possible
to demonstrate that neuregulin and notchlb signals are necessary for the development of
atrioventricular conduction tissue. The combination of rapid genetic manipulation and high-
resolution physiology allowed definition of the endocardial signals required for patterning
central ‘slow’ conduction tissue, while revealing the operation of distinct local endocardial—
myocardial interactions within the developing heart tube. The efficient nature of in vivo
pathway exploration that is possible in the zebrafish with gene knockdown technologies in
many ways parallels cell culture, yet in context of all of the native molecular, cellular and
physiologic cues(Nasevicius and Ekker 2000).

The accessibility of these early events in the cell biology of cardiomyocytes will enable the
study of many phenomena which have previously been relatively obscure; the emergence of
excitation-contraction coupling, the serial appearance of distinct membrane currents and
associated changes in the organization of the cell. For the first time the electrical coupling
changes that accompany cardiomyocyte cell division can be explored in vivo. The ability to
study this ontogeny is leading to a proliferation of studies designed to understand the role of
electrical phenomena in myocardial patterning, the emergence of specialized conduction
tissues and the complex innervation of the heart(Peterson, Link et al. 2000).

In elegant studies using a first generation transgenic gCAMP reporter(Chi, Shaw et al. 2008),
it has been possible to follow in vivo some of the early electrical transitions that occur during
cardiogenesis and myocardial maturation. These investigators were able to define discrete
transitions in impulse propagation during the first few days of development, following the heart
as it begins to conduct impulses more rapidly across the ventricular surfaces of growing
trabeculae. While these reporters may lack the dynamic range necessary for some key
electrophysiologic endpoints, they nevertheless illustrate the tremendous potential of the
zebrafish as a model system for the study of physiology in vivo(Tallini et al. 2006). As novel
functional reporters of other pathways emerge these can readily be deployed in the fish, and
there are ongoing efforts to characterize a host of cellular, organelle and subcellular biology
in vivo. Using optical mapping at millisecond resolution with voltage sensitive dyes and
calcium imaging with ratiometric dyes such as Fura-2 it is possible to use electrical or calcium
transients to follow cell fates within the developing myocardium, bypassing the need for
specific transcriptional reporters. In this way detailed maps of the physiologic characteristics
over time for each of the 300-350 cells within the organ can be constructed for the early stages
of heart development. Ultimately it should prove possible to explore the mechanisms of cross-
talk between electrical, mechanical and flow based modulation of cardiac development(Hove
et al. 2003; Hove 2004; Hove 2006; Lee et al. 2006). These strategies to understand the
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sophisticated interactions between function and form cannot easily be matched in other
organisms.

High-throughput cardiac biology

For some time investigators have recognized a need for high-throughput model systems capable
of rapidly exploring the genetic basis of physiologic phenotypes, defining gene-gene and gene-
environment interactions, and ultimately enabling a ‘systems approach’ to the genetics and
genomics of integrative physiology(Walhout et al. 2002; Ge etal. 2003). In vitro systems enable
high-throughput testing, but fail to recapitulate the complexity of the intact organism
(Pepperkok and Ellenberg 2006), while traditional in vivo models are low-throughput and
expensive(Kasarskis et al. 1998). In the last decade the zebrafish has emerged as a tool for
rapidly assessing gene and small molecule function(Ekker 2000; Peterson, Link et al. 2000;
MacRae and Peterson 2003). Investigators have explored the utility of the larval zebrafish for
the defining small molecule targets based on phenoclustering, for high-throughput in vivo
approaches to the study of drug toxicity and for empirical pathway discovery or the testing of
large numbers of variables in genetically faithful disease models(Peterson, Link et al. 2000;
Rual et al. 2004; Burns, Milan et al. 2005; Milan, Jones et al. 2006). Within 48 hours of
fertilization, the larval fish has an established complex physiology, yet can be sustained in large
numbers for days in multi-well plates(Briggs 2002). It has proven possible to develop
techniques for measuring physiological variables in an automated or semi-automated fashion
at high-throughput(Burns, Milan et al. 2005). In addition, a repertoire of secondary higher
resolution assays is emerging including cardiomyocyte number, optical voltage mapping,
Ca?* imaging, and specific transgenic reporters for mitochondrial Ca?*, classic transcriptional
hypertrophy markers and or disease pathways (Fig. 4) (Gerull et al. 2004; Peterson et al.
2004; Burns, Milan et al. 2005; Schonberger et al. 2005; Burns and MacRae 2006; Heuser et
al. 2006; Lee, Yuetal. 2006). These tools are enabling efficient large-scale pathway exploration
of genomic datasets in a completely native context(MacRae and Peterson 2003; Peterson, Shaw
et al. 2004).

For example, the zebrafish is accelerating investigation of the desmosomal genes implicated
in arrhythmogenic right ventricular cardiomyopathy (ARVC)(Heuser, Plovie et al. 2006). It
has proven possible to model multiple disease alleles, including desmocollin, desmoplakin and
plakophilin 2 mutations, and define synergies between these genes in myocardial biology. The
earliest stages of pathogenesis for many human cardiac diseases can be modeled and the
electrophysiological effects of these processes can be explored prior to the confounding
secondary effects of chronic myocyte dysfunction or damage(Xu et al. 2002; Bassett and Currie
2004).

Genetic and chemical screens

Where it is possible to develop representative models for arrhythmias in the fish, the organism
can be used for unbiased phenotype-driven screens focused on the genetic or chemical
dissection of normal or abnormal cardiac electrical function. Phenotype-driven screens offer
several advantages including: the potential for extreme perturbation of each gene, the
possibility of true saturation, and the generation of massive numbers of informative meioses
capable of illuminating gene-gene or gene-environment interactions. Where parallel
phenotypes are available, human and model organism genetics complement each other directly.
Representative and cost-effective in vivo models will be required for the detailed exploration
of the effects of multiple linked genes in different tissues necessary to elucidate the effects of
each locus identified in human genome wide association studies(Hirschhorn and Daly 2005;
McCarthy and Hirschhorn 2008). The exploration of loci of modest effect size and gene-gene
interactions may be prohibitively expensive for human studies, but the combination of
systematic modeling with subsequent human validation can render these questions tractable
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(McCarthy and Hirschhorn 2008). For many traits of medical or physiological importance
model organism screens may offer the only feasible solution.

The parallels observed between zebrafish and human cardiac repolarization and the importance
of drug-induced repolarization toxicity made this an attractive area for early physiological and
pharmacological screens. Combining an initial high-throughput screen for abnormal heart rate
response to dofetilide with a second high-resolution assay in which confirmed mutants are
studied using optical mapping(Burns, Milan et al. 2005; Milan, Giokas et al. 2006) it is possible
to devise staged screening strategies with optimized throughput and resolution. This approach
identifies mutants based on bimodal distributions of heart rate response to dofetilide.
Subsequent testing in the absence of dofetilide allows discrimination between pure drug
response phenotypes and intrinsic heart rate defects. Detailed electrophysiologic assessment
can then be undertaken only for the screen early round ‘hits’.

Using this strategy in an initial shelf screen of 340 insertional mutants, 15 genes with major
effects on repolarization were identified, none of which had previously been implicated in this
process. Interestingly, the majority of these genes appear to belong to an integrin associated
network modulating channels and their adaptor proteins (Figure 5). Investigators in the KORA
and Framingham studies were able to establish that some of these same genes modify human
repolarization, confirming the utility of zebrafish screens for gene discovery in physiologic or
pharmacologic pathways (Refs pending).

The relatively high percentage of positive results in the zebrafish screen reflects the fact that
the panel of insertional mutants used was originally selected on the basis of early recessive
morphologic phenotypes identified by light microscopy(Amsterdam, Burgess et al. 1999).
Cardiac developmental phenotypes had a high prevalence, presumably because the heart is
readily visualized in the developing embryo and cardiac dysfunction leads to an obvious
phenotype(Chen, Haffter et al. 1996). Electrophysiological perturbations frequently
accompany disorders of cardiac form and function(Martin et al. 1994). Nevertheless, there
were many mutants that, despite severe structural and functional cardiac defects, did not display
an altered response to dofetilide.

The cross-talk between human and model systems is bidirectional with this type of integrated
approach: phenotype-driven studies in the fish not only enable validation of loci implicated by
genome-wide association, but also lead to the identification of novel genes regulating
repolarization, which can then be confirmed in human populations. The work described above
focused on a single complex trait, cardiac repolarization, but the scale of investigation feasible
in multiple organ systems in the zebrafish strongly suggests that this integrative strategy will
be useful both to aid in the identification of loci with modest effects from human studies and
to explore the biologic mechanisms of the underlying genes. This type of scalable comparative
physiology will be crucial to understanding the heritable basis of complex traits(Ge, Walhout
et al. 2003).

New screens

Other potential screens are readily imagined. For example, robust reporters of repolarization
might be exploited as a screen to identify cardiotoxicity early in the drug development process.
Indeed, the scale of investigation that is feasible in the zebrafish might allow very detailed
assessment of proarrhythmic potential across a broad range of compounds, enabling precise
estimates of risk. Thus, the cardiotoxicity risks could be used in the selection of lead
compounds, and titrated to the clinical problem in hand(Langheinrich 2003; Lieschke and
Currie 2007).
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As disease models are generated in the zebrafish, genetic or chemical modifier screens can
readily be undertaken in vivo(Zon and Peterson 2005; Lieschke and Currie 2007). The
feasibility of this approach has already been demonstrated for some structural phenotypes,
where mutants with specific defects were exposed to 5,000 compounds from a diverse small
molecule library. Two structurally related compounds were identified that completely restore
the mutants to normal without causing additional developmental defects(Peterson, Shaw et al.
2004). The development of innovative automated screens for multiple physiologic parameters,
allow this type of systematic chemical screen to be scaled to tens of thousands of compounds
(Burns, Milan et al. 2005). Importantly, where identified those compounds that suppress
disease phenotypes in zebrafish appear to have similar effects in mammalian systems and
ultimately may have direct utility as lead compounds for human therapies. It is also possible
that small molecule suppressor screens will reveal novel drug targets and mechanisms by which
diseases can be modified. These targets could then be used for conventional drug development.

Regeneration

One area of particular interest in the zebrafish has been the study of cardiac regeneration. Poss
and colleagues first demonstrated that distal amputation of the ventricle in the adult zebrafish,
while resulting in some initial mortality (~20%), would lead to the formation of a coagulum
with subsequent complete regeneration of the apex of the heart(Poss et al. 2002). Subsequent
work, from Poss and others, has defined myocardial and epicardial contributions to this
regenerative process with apparent dedifferentiation of myocytes, cell division and
repopulation of the distal ventricle with differentiated cardiomyocytes(Lepilina et al. 2006).
This remarkable process offers a unique experimental setting in which to explore the
electrophysiology of cardiomyocyte differentiation. Understanding how new myocytes might
successfully couple with existing myocardium will be critical if human myocardial
regenerative medicine is ever to become a reality(Wu et al. 2008). In addition, understanding
why complete regeneration is feasible in some species, yet postnatal cardiomyocyte cell
division is so limited in other species may enable the manipulation of the biology for clinical
use. It will also be important to understand how localized damage without tissue amputation
will modify the regenerative process. Approaching the cell biology and electrophysiology of
injured tissue in vivo, but in an organism where scar formation may not occur, or where it is
altered by active cardiomyocyte regeneration, will hopefully offer insights into the mechanisms
of ischemic ventricular arrhythmias. Interestingly, preliminary data suggest that after distal
amputation the mode of death observed in the minority of fish is sudden and may be
tachyarrhythmic.

In the embryonic zebrafish regeneration may be approachable in higher throughput. Several
transgenic systems for cell-specific chemical ablation have been developed that enable the
destruction of cardiomyocytes or subsets of cardiomyocytes in large numbers of embryos in
parallel(Curado et al. 2007; Davison et al. 2007). Given that the key cellular components of
the vertebrate heart have been identified in the zebrafish including endocardium, epicardium,
chamber-specific myocardium, conduction system and even representation of the second heart
field(Schoenebeck and Yelon 2007), it should prove possible to systematically address the
effects of cell or tissue ablation rather than gene ablation on the electrophysiology of the heart.
Where tissue specific promoters do not exist, lower throughput laser ablation studies can be
used to define the effects of destruction of specific cell types on the development of normal
physiology(Childs et al. 2002).

Genetic approaches to the logic of cardiomyocyte proliferation and differentiation have proven
challenging, though progress is being made(Rossant 2008). Functional and other epigenetic
inputs are emerging as substantial contributors to cell fate decisions and to the reinforcement
of terminally differentiated cellular phenotypes, but have proven difficult to study
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systematically(Lammert et al. 2001; Cleaver and Melton 2003; Hove, Koster et al. 2003; Wu,
Chien et al. 2008). Traditional analyses of development have focused largely on molecular
markers to categorize cell identity, but the relationship between such markers and the cellular
physiology is not always straightforward(Cleaver and Melton 2003; Epstein and Parmacek
2005). To overcome some of these limitations it may be possible to design strategies to annotate
cardiomyocyte progenitor cell proliferation and differentiation in vivo using physiologic
assays, generating a functional fate map of the early heart(Wu, Chien et al. 2008).
Understanding such a fate map and its regulation will allow systems biology to begin to access
not just the molecular networks but also the cellular networks of cardiogenesis.

Emerging areas of interest

While there has been a rapid proliferation in the use of the zebrafish as a genetic model for
cardiac electrophysiology, to date investigators have only begun to scratch the surface of what
is possible. Functional fate mapping was outlined above, but as the heterogeneity of myocardial
cells is defined, determining the role of developmental physiology in cardiomyocyte
differentiation will prove a major hurdle. As we understand the normal transitions between
different stages of electrical development in health and disease, it is conceivable that these
might be manipulated for therapeutic advantage, not only in hereditary arrhythmia, but also in
other forms of congenital and acquired cardiac disease. Characterizing the physiologic changes
during cardiomyocyte division will be necessary if we are to use cellular therapies while
minimizing the risk of arrhythmia. It will also be possible to exploit the ontogeny of cardiac
innervation not only to explore the interactions between the heart and its ingressing neurons,
but to understand the impact of innervation on the components of arrhythmogenesis.
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Figure 1.

Phenotyping is straightforward as zebrafish larvae are transparent

(a), Phenotype at 48 hpf of an embryo injected with mismatch control oligo compared with a
morphant (injected with 25 ng of morpholino dsc2) embryo at the same stage (b). High-
resolution pictures of the heart of morphant embryo (c) compared to control-injected embryo
(d). Transmission electron microscopy of cardiac desmosomes from a control embryo (e) and
morphant embryo (f) at 48 hpf.
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Figure 2.

Transgenic fluorescent reporters

In this figure a transgenic construct with a fluorescent reporter downstream of a hypertrophy
responsive promoter enable direct in vivo assessment of physiologic pathways. This approach
can readily be adapted to automated screening.
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Figure 3.

Zebrafish can be maintained in multiwell plates

The size of the zebrafish enables several embryos to survive for days in the wells of 96 or 384
well plates. Combining this with automated phenotyping allows directed genetic or chemical
screens of a scale similar to those undertaken in invertebrate model organisms, yet for
vertebrate traits
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Figure 4.

Staged screening

By combining different assays of varying throughput and resolution with the genetic tools
available for the zebrafish, it is possible to optimize assays for both sensitivity and specificity.
In this example, a highly sensitive (but relatively non-specific) first round assay (heart rate and
AV block), which can be completely automated, is combined in series with high-resolution
second round assays (calcium and voltage imaging), which offer markedly higher specificity.
Together with known disease mutants and functional genomics approaches these can be used
to develop a screening tool for drug-induced repolarization toxicity or in discovery mode for
pharmacogenetic gene identification.
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Figure 5.

Repolarization network identified by zebrafish screening

Interactions between known repolarization genes (blue symbols) and the genes identified in a
phenotype driven screen are depicted. Single lines indicate genetic interactions supported by
data from multiple model organisms. Bold lines show direct physical interactions. A dashed
line represents a physical interaction that may not be direct. The arrow represents a downstream
regulatory effect, the mechanism of which is unknown.
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